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Animals and plants in terrestrial
and aquatic environments use an
array of chemical defences to
avoid being eaten [1–3].
Chemicals may be effective
because they are toxic, like the
cantharidins released by blister
beetles, or because the predator
perceives them as noxious, the
well-known example being skunk
odours. In these interactions, the
potential predator suffers a direct
negative impact. Increasingly,
more complex modes of
chemical defence are being
discovered that reduce predation
through indirect mechanisms. In
this issue of Current Biology,
Kicklighter et al. [4] report
evidence for a new type of
indirect defence in which the sea
hare Aplysia releases chemicals
that stimulate the predator to
engage in other behaviours,
diverting it from successful
predation of the prey. 
Aplysia faces a number of
potential predators, including
anemones, teleost fishes, crabs
and lobsters. When threatened or
attacked, an Aplysia will turn away
from the apparent direction of
attack, withdraw its mantle and, at
times, squirt clouds of secretions
from ink and opaline glands as it
tries to escape (Figure 1). Neural
circuits, ionic currents,
neurotransmitters and
neuromodulators involved in ink
and opaline release have been the
subject of considerable
investigation [5,6]. The origin and
metabolic pathway involved in
pigment production, as well as the
cell types involved in pigment
storage and release, have been
described [7,8]. Thus, within the
field of chemical ecology, Aplysia
serves as an excellent model for
understanding the cellular and
molecular mechanisms underlying
chemical defence against
predation.
The paper by Kicklighter et al.
[4] expands our understanding of
Aplysia’s chemical defences by
examining the effects of ink and
opaline on one predator, the spiny
lobster Panulirus. Although Aplysia
ink is an effective deterrent against
the predatory anemone
Anthopleura xanthogrammica [9],
Kicklighter et al. [4] found that
removing the ink gland had no
effect on the rate of successful
predation by lobsters. Removing
the opaline gland, however,
dramatically decreased the
probability that an Aplysia would
escape during an encounter with a
lobster. 
Behavioural observations
indicated that secretions from
both ink and opaline glands cause
lobsters to groom their
antennules and mouthparts,
suggesting that the viscous
secretions may interfere with the
sensory hairs on the lobsters’
appendages. In addition,
secretions from the two glands
had distinct effects on the
lobsters’ behaviour: ink gland
secretions elicited behaviours
that are generally associated with
foraging and feeding in lobsters,
such as digging in the substrate
and moving the forelegs to the
mouthparts, whereas opaline
gland secretions sometimes led
lobsters to try to escape by
tailflipping. 
Decades of research using
spiny lobsters as model animals
for understanding transduction
and coding in chemosensory
When threatened, sea hares secrete ink and opaline. This mixture
has now been shown to act on peripheral chemosensory neurons
of spiny lobsters, stimulating feeding-related behaviours as a
deceptive method of avoiding predation. 
Figure 1. Defensive secretion deterring lobster attack.
Captured video frame of a sea hare releasing defensive secretions while being attacked
by a spiny lobster. (Image courtesy of Paul M. Johnson.)
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systems [10] have established
that the chemosensory neurons
in Panulirus are extremely
sensitive to amino acids, urea
and ammonium, chemicals that
are all associated with foraging.
Kicklighter et al. [4] found that
these substances are abundant
in both opaline and ink
secretions: opaline contains high
levels of taurine, a powerful
feeding stimulant for lobsters,
and ink contains large amounts
of ammonium as well as
moderate amounts of taurine.
Consistent with the view that
taurine stimulates feeding, the
authors found that artificial
mixtures of the major
components of ink and opaline
stimulated grabbing and
ingestive behaviours by lobsters.
Interestingly, natural opaline did
not, suggesting that it contains a
feeding deterrent in addition to
the components described here. 
Finally, Kicklighter et al. [4]
recorded from single
chemosensory receptor neurons
in the lateral antennule and
second maxilliped to examine
responses to ink and opaline, as
well as individual components
and mixtures of the components.
Analysis of the across-neuron
pattern of activity in response to
natural ink and opaline as well as
the mixtures suggests that these
stimuli evoked responses similar
to those of a typical food item,
shrimp. The authors interpret
their results as indicating that
Aplysia use a combination of
chemical defence mechanisms,
including an aversive secretion
and secretions that foul the
lobsters’ antennules and
mouthparts. More significantly,
they propose a previously
undescribed defence mechanism:
Aplysia produce a cloud of
viscous chemicals that to a
lobster smells like food, and
while the lobster is distracted
trying to eat the phantom prey,
the Aplysia has an opportunity to
escape.
Although much progress has
been made in describing the
molecular mechanisms of
olfaction in the last 10 years, our
understanding of the ways the
olfactory system functions to
process biologically relevant
information in a naturalistic
context is still in its infancy. Many
studies of electrophysiological
responses to odorants use single
compounds, generally off-the-
shelf chemicals that have no
inherent biological significance for
the organism being examined.
Further, in many studies using
mixtures, the components are
selected based solely on their
ability to evoke responses from a
large subset of neurons. One
problem with this approach has
been made clear by a study with
tiger salamanders [11] which
showed that an odorant can elicit
strong neural responses from the
olfactory system even though the
animal does not appear to
perceive the chemical. 
The use of artificial odorants is
widespread partly because it
facilitates stimulus control and
replicability, but also because
there are few examples in which
the components and ratios of
behaviourally relevant mixtures
have been identified. Thus, the
work by Kicklighter et al. [4]
provides an important set of data
about the chemical constituents
of two stimulus mixtures, ink and
opaline, that evoke well-described
behavioural responses from
lobsters. Future studies examining
neural responses to these
mixtures should contribute greatly
to our understanding of the links
between olfactory system function
and behaviour.
On a broader scale,
understanding the stimuli and
neural mechanisms underlying
interactions between predators
and prey has proved a daunting
task, as it requires detailed
investigation of two or more
species, and has been achieved
in only a handful of cases.
Perhaps the best example comes
from research on the
echolocation signals used by
foraging bats, as well as the
means by which noctuid moths
detect these cues and use them
to avoid predation [12]. Within the
chemical senses, investigations
into the tritrophic interactions
among plants, caterpillars and
predatory wasps [13] have
identified the chemical signal in
caterpillar saliva that stimulates
plants to release odours in
response to caterpillar feeding
[14,15]. These odor blends
stimulate upwind flight by
parasitic wasps which then locate
and attack the herbivore [16],
thus reducing the degree of injury
to the plant. Such indirect
defence mechanisms suggest
complex evolutionary origins
which may be found to converge
across systems, once further
investigations unravel the basis of
such interactions. 
The new work by Kicklighter
et al. [4], combined with previous
studies of Aplysia, provides
insight into the mechanisms
involved in the production,
release, processing, and
behavioural response to defensive
secretions used by Aplysia to
avoid predation by Panulirus, and
thus has the potential to serve as
a new model for examining the
neuroethology of predator-prey
interactions.
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Only bacteria contain the
nitrogenase enzyme that can
reduce N2 to ammonium and so,
during nitrogen-limited growth,
some plants enter into a
symbiotic interaction with
nitrogen-fixing bacteria, which
provide the plants with
ammonium. A major problem in
maintaining a high rate of
nitrogen fixation, however, is that
the bacterial nitrogenase
enzymes are very oxygen
sensitive, but at the same time
require high levels of ATP to drive
the reaction. So ideally, the
bacteria require a high flux of
oxygen to enable high rates of
ATP synthesis, whilst
simultaneously maintaining a low
free oxygen environment to
prevent inactivation of
nitrogenase by oxygen. These
paradoxical requirements are met
by the formation of root nodules
in which legumes provide an
appropriate niche for rhizobia, the
bacteria that differentiate into
forms, known as bacteroids,
which fix nitrogen in nodules. A
crucial part of this niche is the
presence of plant haemoglobins
in the cytoplasm of the plant cells
containing the bacteroids.
If you dig up the roots of a
legume such as pea or bean and
cut into one of the nodules on the
root you will see that it has a
blood-red colour (Figure 1, top).
This is due to the high levels of
haemoglobins, referred to as
leghaemoglobins because they
are always found in legume
nodules [1]. As they report in this
issue of Current Biology, Ott et al.
[2], using an RNA interference
(RNAi) approach to silence the
expression of the three nodule-
expressed leghaemoglobin genes
in the legume Lotus japonicus,
have now demonstrated that
leghaemoglobins really are
essential for symbiotic nitrogen
fixation in legume root nodules.
Whereas animal haemoglobins
in blood facilitate oxygen transfer
between cells and organs,
leghaemoglobins function in a
manner more analogous to
animal myoglobin [1], which
facilitates oxygen transfer within
the cytoplasm to mitochondria.
Leghaemoglobins, however, can
have a twenty-fold higher affinity
for oxygen than myoglobin [3].
The oxygen-binding
characteristics of
leghaemoglobins are unusual in
that they have an extremely fast
O2 association rate and a
relatively slow O2 dissociation
rate [1], and so can buffer the
free oxygen concentration at
around 7–11 nM. 
Calculations based on the levels
of oxygenation and concentration
of leghaemoglobin in the nodule
cytoplasm suggest that the
concentration of leghaemoglobin-
bound oxygen is around 70,000
times higher than the free oxygen
concentration [1]. This provides a
substantial buffering capacity that
will be important for providing a
high flux of oxygen for bacterial
respiration. But the low levels of
free-oxygen pose a challenge for
bacterial respiration, and the
nitrogen-fixing bacteroids deal
with this by inducing a symbiosis-
specific cytochrome oxidase with
a very high affinity for oxygen [4].
Given these observations on the
biochemistry and physiology of
nitrogen fixation in nodules, it had
been anticipated that silencing of
leghaemoglobin expression would
affect symbiotic nitrogen fixation,
as observed by Ott et al. [2]. What
was not anticipated, however,
was the absence of bacterial
nitrogenase in the bacteria within
the nodules of the plants lacking
leghaemoglobin. Although the
measured levels of free oxygen in
nodules of the plants lacking
leghaemoglobin were somewhat
higher than those seen in
nitrogen-fixing nodules, there was
still a low oxygen environment,
particularly in the deeper layers of
the nodules [2]. So it seems
unlikely that the complete lack of
nitrogenase expression can
simply be explained by the lack of
a low oxygen environment, which
could be observed in at least
some parts of the nodules.
How then can we explain the
lack of induction of bacteroid
nitrogenase in these nodules?
Perhaps some form of ramped
induction could be required.
Possibly a rapid induction of the
bacteroid nitrogenase and high-
affinity oxidase might cause a
problem if it resulted in a high rate
of oxygen consumption that could
not be sustained in the absence of
the leghaemoglobin-oxygen buffer.
Conversely, if the leghaemoglobin
was induced before the
specialised bacteroid oxidase then
Legume Haemoglobins: 
Symbiotic Nitrogen Fixation
Needs Bloody Nodules
How do plants create an environment in which symbiotic bacteria
can reduce enough N2 to provide the plant with sufficient
ammonium for growth? Gene silencing has now been used to show
that legume haemoglobins are crucial.
